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ABSTRACT 

Rate constants f o r  the reac t i on  

were deduced from shock tube measurements obta ined i n  the  presence 
o f  completely laminar boundary layers.  The need f o r  boundary l aye r  
cor rec t ions  and t h e  proper method o f  app ly ing  them were shown by 
comparing these r a t e  constants w i t h  a standard l i n e  based on data 
determined p rev ious l y  i n  t he  presence o f  who l l y  t u rbu len t  boundary 
layers. The c l a s s i c a l  shock tube treatment i l l u s t r a t e d  the  need f o r  
app ly ing  some type o f  boundary layer  co r rec t i on ,  The co r rec t i ons  
were app l ied  by means o f  a computer program f o r  a subsonic d i f f u s e r ,  
where the  area r a t i o  was described by M i r e l s '  equat ion 
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The values o f  1 used i n  t h i s  equat ion were ca l cu la ted  by equat ions 
suppl ied by MireTs. These r e s u l t s  were very s a t i s f y i n g  as they 
showed exce l l en t  agreement w i t h  the  assumed standard l i n e .  A rev ised 
value o f  t he  a t e  constant f o r  reac t i on  I I  i s  reported. I t  i s  

1 % k2 = 1 .38~10 exp. - 1 6 4 0 0 / ~ ~ .  

INTRODUCTION 

M i r e l s  ( ~ e f .  1) has suggested tha t  f l ow  non-un i fo rmi t ies  induced by 
the  boundary l aye r  behind an i nc iden t  shock m y  s i g n i f i c a n t l y  a f f e c t  
shock tube s tud ies  o f  chemical k i n e t i c s .  This suggest ion has no t  
had a great  impact on chemists us ing  shock tubes. The main reason 
f o r  t h i s  i s  probably the  lack  o f  experimental evidence conf i rming 
t h a t  k i n e t i c  data a re  sub jec t  to ,  and must be cor rec ted  f o r ,  f l o w  
non-uni formi t ies,  I n  a few publ ished Instances these e o r r e c t i ~ n s  
were a p p l i e d ,  But I t  was not e lea r  t he  kinetic da ta  a c t u a l l y  requ i red  
correction, nor tha t  Mirels'  t reatment  was a proper b a s i s  POP 



making cor rec t ions .  

Recently ( ~ e f .  2) we have shown these f l o w  non-uniformities do 
a f f e c t  shock tube s tud ies  o f  chemical k ine t i cs  when t h e  bounda ry  
l aye r  i s  who l l y  t u r b u l e n t ,  By using the behavior o f  a w e l l -  
understood chemical system as a probe, i t  was es tab l ished t h a t  
changing f l o w  cond i t ions  behind the shock must be accounted f o r  i n  
o rder  t o  e x p l a i n  t h e  observat ions. M i r e l s '  d e s c r i p t i o n  o f  t he  f l o w  
was found t o  be s a t i s f a c t o r y  f o r  t h i s  purpose. Wi th  the  need f o r  
co r rec t i ons  and the  method o f  app ly ing  them establ ished,  several ra tes  
o f  the  chain-branching reac t ions  o f  t he  H2'02'C0 system were next 
measured ( ~ e f  . 3).  The r e s u l t s  were very s a t i s f y i n g .  Th is  can be 
judged by the  exce l l en t  agreement between the  l i n e  f i t t e d  t o  the  
cor rec ted  data o f  reference 3, and the  r e s u l t s  o f  many o the r  i n v e s t i -  
gat ions t h a t  span a range o f  10" i n  t he  r a t e  constant  o f  the  
reac t  i on  

F igure  1 shows t h i s  comparison. These r e s u l t s  were obta ined i n  the  
presence o f  f u l l y  t u rbu len t  boundary layers. Whether such agreement 
can be taken to'mean t h a t  the r e s u l t s  o f  reference 3 a r e  accurate 
ra the r  than lucky i s  unknown. However, f o r  the  purpose o f  t h i s  work, 
i t  i s  unimportant;  regardless o f  t h e i r  absolute accuracy, they may be 
taken as a standard w i t h  which we can i n q u i r e  how data on t h i s  ra te ,  
obta ined i n  t he  presence o f  f u l l y  laminar boundary layers,  should be 
hand l ed, 

I n  shor t ,  t he  purpose o f  t h i s  work i s  t o  show whether laminar 
boundary layer  c o r r r e c t i o n s  a r e  necessary and i f  so, how t o  app ly  
them. 

BACKGROUND 

When a m ix tu re  o f  H2"02-C0 i s  suddenly heated, i n i t i a t i o n  
react ions such as 

H2 + 02 * 20H 

produce small concentrat ions o f  atoms and f r e e  rad i ca l s .  These 
concentrat ions then grow exponent ia l l y  v i a  the  branched cha in  scheme 



Theory shows ( ~ e f s  4,s) t h a t  the  oxygen atom concent ra t ion  increases 
as O ] = A expQ A t )  where h i s  known as t h e  growth constant,  
For v e r y  r i c h  mixtures s u c h  as  those u s e d  i n  t h e  present  work  
(H2/02= '10) A. is governed alrnsst e n t i r e l y  by reac t i on  l i ,  i , e ,  

h - 2k2 [ 62 1 
The experimental growth constant  was measured by mon i to r ing  the  

carbon monoxide flame band rad ia t i on ,  Th is  was the  reason carbon 
monoxide was added t o  the  H2-02 mixture.  When carbon monoxide 
reac ts  w i t h  atomic oxygen, a c h a r a c t e r i s t i c  l i g h t  i s  emi t ted.  The 
i n t e n s i t y  o f  t h i s  r a d i a t i o n  has been found t o  be p ropo r t i ona l  t o  t he  
product o f  carbon monoxide and atomic oxygen concentrat ions ( ~ e f .  8). 
And s ince  very  l i t t l e  carbon monoxide i s  consumed, the  l i g h t  moni tors 
the  increase o f  oxygen atom concent ra t ion  w i t h  time. 

Because o f  boundary l aye r  e f f e c t s ,  the  d is tance between the  
shock and t h e  contact  sur face tends toward maximum separat ion and a 
quasi-steady s t a t e  o f  constant v e l o c i t y  ( ~ e f .  1 ) .  A f t e r  t h i s  maximum 
length  has been reached, theory shows t h a t  t he  temperature, pressure 
and residence t ime o f  the gas a l l  increase w i t h  d is tance behind t h e  
shock. The behavior i s  i d e n t i c a l  t o  t h a t  observed i n  a subsonic f l o w  
where t h e  cross-sect ional  area o f  the passage i s  increasing. A com- 
pu te r  program ( ~ e f .  9 )  f o r  a subsonic d i f f u s e r  was used t o  s imu la te  
the  boundary l aye r  e f f e c t .  I n  these c a l c u l a t i o n s  the  area r a t i o  f o r  
laminar f l o w  i s  g iven by 

where 1, i s  t he  length  o f  the hot  s l u g  a f t e r  the  shock and contac t  
sur face have reached t h e i r  maximum separat ion, and x i s  the d i s -  
tance behind the  shock. The r e l a t i o n  between gas and labora tory  
t imes a long w i t h  the  temperature and pressure p r o f i l e s  were deter-  
mined from the  computer c a l c u l a t i o n .  

EXPERIMENTAL APPARATUS AND PROCEDURE 

The tube was a s i n g l e  p iece  o f  s t a i n l e s s  s t e e l ,  5.7 meters long. The 
i n t e r n a l  dimensions were 6.4 x 6.4 cm, w i t h  corners rounded t o  a 
rad ius  o f  1.3 cm. The e n t i r e  length  o f  the  tube was ground t o  con" 
s tan t  i n s i d e  dimensions and then honed t o  a h igh ly -po l ished f i n i s h .  

S ta t ions  f o r  shock-wave detec tors  were located a t  15 cm i n t e r -  
v a l s  i n  t he  downstream p o r t i o n  o f  the  tube, A t h i n  f i l m  gauge, which 
t r i g g e r e d  a r a s t e r  osc i l loscope,  was fo i lowed by th ree  more t h i n - f i l m  
gauges f o r  v e l o c i t y  measurements. Each gauge was connected t o  an 
a m p l i f i e r  which d i f f e r e n t i a t e d  the  s igna l  and had a ga in  o f  about 
2000. These m t c h e d  a m p l i f i e r s  had a r i s e  t ime o f  less than 0.5 
microseconds. The output o f  the  a m p l i f i e r s  was processed and d i s -  
played on a r a s t e r  osei l loseope a long w i t h  microsecond t im ing  markers. 
In  t h i s  way, velocities were measured w i t h  an u n c e r t a i n t y  sf iess 
than 0,2%, T h i s  was very important s i nce  smt l  e r r o r s  i n  the shock 
velocity can cause large e r r o r s  i n  the r a t e  constant ,  



The shock ve loc i ty  was measured over  two i n t e r v a l s  a n d  v e r y  
little attenuation could be observed, 

Midway between the last  t w o  s t a t i o n s  was a p a i r  o f  2 - 5  crn 
diameter windows made s f  c a l c i u m  f l u o r i d e  a n d  located opposite one 
another, A t h i n - f i l m  gauge was located t o  provide a n  accurate i n d i -  
c a t i o n  o f  the  t ime a t  which a shock-wave a r r i v e d  a t  t he  center  o f  
t he  windows and t o  asce r ta in  t h a t  the  boundary l aye r  was laminar f o r  
t he  e n t i r e  t e s t  period. A l l  pickups and windows were c a r e f u l l y  
i n s t a l l e d  w i t h  t h e i r  surfaces f l u s h  w i t h  the  inner w a l l s  o f  t h e  tube. 

The assembled tube could be evacuated t o  a pressure o f  about 
1 micron and had a leak r a t e  less than 0.2 microns/minute. A l i q u i d  
n i t rogen  c o l d  t r a p  i n  the  vacuum l i n e  guarded against  the  poss ib le  
back-migration o f  pump o i l .  

Flame band emission was observed through one o f  the  windows by 
means o f  a 1 : l  o p t i c a l  t r a n s f e r  system. The f i l t e r e d  (band pass 
3700-5600~~)  r a d i a t i o n  was monitored by a photomul t ip l  i e r  tube. The 
r ise- t ime o f  the  pho tomu l t i p l i e r  tube was about 1.5 microseconds. 
From the opposi te window the  i n f r a r e d  r a d i a t i o n  from hot  CO o r  C02 
was fo l lowed by an i n f r a r e d  monochromotor w i t h  an lnSb detector .  
Th is  i n f r a r e d  r a d i a t i o n  was used t o  measure the  hot s lug  length. 

The t e s t  mixtures (Hz = .0508, 02 = .0052, CO = .0508, 
Ar = ,893 and H2 = .046, 02 = .0047, CO = .046, CO = .092, A r  = .81) 
were prepared by the method o f  p a r t i a l  pressures i n  s ta in less  s t e e l  
tanks. Oxygen, argon and hydrogen were research grade gases. Carbon 
monoxide was condensed a t  l i q u i d  n i t rogen temperature; about one 
quar te r  o f  the  condensate was discarded w i t h  the  middle one h a l f  used 
t o  prepare the  sample. P u r i f i e d  d ry  i c e  was a convenient source 
f o r  C02. 

DATA REDUCTION 

Osci l loscope records o f  l i g h t  i n t e n s i t y  were read on a comparator 
where i n t e n s i t i e s  ( a r b i t r a r y  un i t s )  versus labora tory  times were 
obtained. The r e l a t i o n  between gas and labora tory  times was deter -  
mined from the computer ca l cu la t i ons .  Growth constants h were 
obta ined from the  slope o f  a semi- logarl thmic p l o t  o f  i n t e n s i t y  versus 
gas time. The temperature and pressure o f  each experiment was the  
average over the  i n t e r v a l  where the  slope was measured. These were 
taken from the computer p r i n t  out.  The measured growth constant,  
a long w i t h  temperature, pressure, and o ther  appropr ia te  r a t e  constants, 
was subs t i t u ted  i n  the  cubic equation ( ~ e f .  3) t h a t  re la tes  h t o  
r a t e  constants and concentrat ions. The equation was then solved 
f o r  k2. 

RESULTS AND DISCUSSION 

E a r l i e r  work showed tha t  r a t e  constants d e r i v e d  From flame band 
emission were i n  e r r o r  i f  t h e  v i b r a t i o n a l  relaxation sf carbon 
maox ide  was too slaw, Because o f  t h e  low pressures u s e d ,  there was 



concern t h a t  t h i s  mfght be the  case i n  t h e  present work, Therefore, 
some data  were taken w i t h  a mlxeure con ta in ing  carbon d iox ide  so as 
t o  aceeierate t h i s  relaxat ion ( ~ e f ,  3 ) ,  However, our concern proved 
t o  be unfounded and the  two t e s t  mixtures y i e l d e d  e s s e n t i a l l y  t h e  
same results. Therefore, the reduced data presented I n  f i g u r e s  2 
and 3 show no d i s t i n c t i o n  between the  mix ture  w i t h  carbon d iox ide  
and the  one wi thout  i t .  

Figure 2 i l l u s t r a t e s  the  need f o r  some type o f  boundary l aye r  
c o r r e c t i o n  t o  the data. Here, the  laminar data o f  t h i s  experiment 
and the  tu rbu len t  data reference 2 have been reduced i n  the  c l a s s i c a l  
shock tube manner. The two sets o f  data d i f f e r  markedly. Note t h a t  
a t  the  temperature where they overlap, the  laminar data a r e  about 
tw ice  as l a rge  as the  tu rbu lent .  This i s  much la rge r  than any 
uncer ta in ty  i n  e i t h e r  set  o f  data. This behavior can be r a t i o n a l i z e d  
q u i t e  n i c e l y  by the  boundary layer  e f f e c t .  The basic d i f f e r e n c e  i n  
the  two experiments i s  t h e  pressure. I n  order  t o  ob ta in  runs which 
had laminar boundary layers,  t he  tube had t o  be operated a t  i n i t i a l  
pressures about one-tenth those used i n  the  tu rbu len t  experiments. 
Since a l l  the important chemical react ions are  b imolecular ,  t h e i r  
ra tes  depend on the  square o f  t he  pressure. This means t h a t  f o r  the  
same temperature, t he  laminar growth constants were measured a t  a 
t ime much greater  than the  tu rbu lent  ones. Therefore, t h e  boundary 
layer  would exer t  much more in f luence on these laminar runs than the  
tu rbu len t  ones. Thus when the  in f luence o f  the boundary l aye r  i s  
neglected, the  r e s u l t  i s  h igher  r a t e  constants as observed i n  
f i g u r e  2, 

I n  the  study w i t h  a tu rbu len t  boundary layer ,  i t  was observed 
t h a t  the  measured hot  s lug  length  was near ly  equal t o  

'my 
the  

maximum separat ion length. Inasmuch as t h i s  behavior was unexpected, 
i t  was suggested i n  reference 2 tha t  measured separat ions should be 
used i n  the  reduct ion o f  shock-tube data. I n  accord w i t h  t h i s  sug- 
gest ion,  the  laminar runs were reduced using the  measured s lug  
lengths. I n  t h i s  case the  area r a t i o  f o r  the  subsonic d i f f u s e r  c a l -  
c u l a t i o n  was determined from equation 1 by s e t t i n g  the  value o f  lm 
equal t o  the  measured length. F igure 3a shows the  laminar runs 
reduced i n  t h i s  manner. The c i r c l e s  a re  the  laminar runs w h i l e  the  
t r i a n g l e s  a re  the  p rev ious l y  determined tu rbu len t  ones. The l i n e  i s  
the  leas t  squares f i t  t o  the  tu rbu lent  data. The laminar data f a l l  
w e l l  below the  l i n e  w i t h  an a c t i v a t i o n  energy o f  18.7 Kcals. 
Behavior such as t h i s  i s  caused by overcor rec t ing  f o r  the  boundary 
e f f e c t .  This overcor rec t ing  r e s u l t s  from using a value o f  l m i n 
the  area r a t i o  equation which i s  too small, thus causing the  area 
r a t i o  t o  increase too  f a s t  and y i e l d i n g  cor rec t ions  i n  the temperature, 
pressure and t ime s t r e t c h i n g  which a re  too  large, Consequently, t he  
ca l cu la ted  r a t e  constants a re  too small and show too la rge an 
a c t i v a t i o n  energy. 

Since t he  measured lengths overcorrect  the  data, the  next 
approach was to  reduce the  runs w i t h  t h e  ca lcu la ted  l m i s s .  These 
mximum separation d is tances  between the shock and t he  contact  
sur face  were calculated us ing  Mirelshequatiow ( I ) ,  Since 86 to  98% 



of  the t e s t  gas was argon, the  value o f  a numerical f a c t o r ,  p 
tha t  i s  requ i red  f o r  the  calculation was taken to  be t h a t  f o r  pure  
argon ( ~ e f ,  11, These calculated 1 g s  were approximately three 
t imes t h e  measured lengths. Rates ogta ined w i t h  the ca l cu la ted  1,'s 
are shown i n  f i g u r e  3b, inspection r e a d i l y  shows a much b e t t e r  
f i t  t o  the  standard l i ne .  These Findings might cause one t o  quest ion 
the  v a l i d i t y  o f  the  tu rbu len t  data ( ~ e f .  3) s ince they were obta ined 
w i t h  the  measured lengths, However, as we s ta ted  i n  the  tu rbu len t  
study, the  measured lengths were w i t h i n  15% o f  t he  ca l cu la ted  ones. 
And subsequent ca l cu la t i ons  have shown t h a t  a 15%change i n  1, 
y i e l d s  ra tes  which d i f f e r  on l y  s l i g h t l y .  I n  f a c t ,  i t  would be d i f f i -  
c u l t  t o  see a d i s t i n c t i o n  between t h e  p o i n t s  on the  graph. Thus, the  
l i n e  f i t t e d  t o  the  tu rbu len t  data would o n l y  show a s l i g h t  change 
and c e r t a i n l y  would not i n v a l i d a t e  any conclusions reached i n  t h e  
present study. 

Based on the  data presented here, i t  i s  concluded t h a t  f l o w  
co r rec t i ons  f o r  a laminar boundary l aye r  must be appl ied. The best  
agreement between the  laminar data and the  standard l i n e  was obta ined 
when the  ca l cu la ted  1 s  were used i n  t h e  data reduct ion. 

Also i t  should be no'ted t h a t  t he  s c a t t e r  i n  the  data i s  reduced 
appreciably when boundary layer  co r rec t i ons  a re  appl ied. This can 
be seen by comparing f i gu res  2 and 3b. 

A l eas t  quares f i t  t o  a l l  t he  data i n  f i g u r e  3b y ie lded  14 k2 = 1.38~10 exp. -16400/R~, which i s  ver  s i m i l a r  t o  the  expression z f o r  the  tu rbu len t  data alone, k2 = 1 . 2 5 ~ 1 0 ~  exp. '16300/RT. However, 
because o f  t he  wider  temperature range covered, t h i s  i s  thought t o  
be a more r e l i a b l e  value o f  t he  r a t e  constant.  
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Figure 1. - Arrhenius plot showing comparison 
between the shock tube data reference 3 ( @ 1 
and the results of many other investigators ( a). 
The line i s  the least squares fit to the shock 
tube data. 
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Figure 2. - Arrhenius plot showing comparison between 
laminar and turbulent data when no boundary layer 
corrections are used in the data reduction. The line is 
a least squares fit to the turbulent data. 
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(a) Measured slug lengths used in the reduction of the 
laminar data. 

Figure 3. - Boundary layer corrected data. The line i s  a 
fit to the corrected turbulent data. 
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(b) Calculated maximum separation length used i n  the data 
reduction. 

Figu re 3. - Concl uded. 


